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SECTION I

INTRODUCTION

The use of a digital control valve in place of the conventional

analog electrohydraulic control valve of an electrohydraulic

control system is attractive from several aspects. The first

aspect is that the digital servovalve allows directly using digital

control signals as an input to the servovalve of the control system.

There is an increasing use of digital control elements and signals

in control systems and the digital servovalve can interface with

these elements without requiring (as does the conventional analog

servovalve) a digital to analog converter. The other aspects that

are attractive depend on the techniques used to mechanize the

digital servovalve.

A digital control valve can be mechanized with solenoid operated

two position poppet valves which exhibit both positive seal off

and contamination insensitivity characteristics. With conventional

control valves, a spool moves proportionally to the amplitude

of the input signal. The spool valve is sensitive to hydraulic

fluid contamination and has a leakage path between the spool and

its sleeve. Reducing the leakage by using less clearance between the

spool and sleeve increases the contamination sensitivity and the

possibility of galling due to spool and sleeve thermal and/or

structural distortions. In addition, the conventional servovalve

requires a.quiescent leakage flow through the valve for operation

of the flapper nozzle or jet pipe first stage. Both the flapper-

nozzle and jet pipe operation are based upon modulation of the

quiescent flow for controlling the power (second stage) spool of

the control valve.



Using poppet type solenoid valves for the digital servovalve

metA,4aization eliminates the quiescent flow characteristic for

the servovalve. Since a poppet type valve does not use a spool and

slppve configuration for flow control, the contamination sensitivity

characteristics can be much better than that of the analog servo-

valve. Edge erosion associated with the wearout of conventional

servovalves is also eliminated with the poppet solenoid valve

approach.

The mechanization investigated used the poppet solenoid valves to

replace the operation of the conventional servovalve both for

the flow direct and flow rate modulation. As mechanized four

poppet solenoid valves were used for the direction control and three

solenoid valves were used for the modulating of the output flow. For

the evaluation program, a set of driving electronics was constructed

which allowed commanding the servoactuator with an analog input. To

evaluate the servovalve, an actuator was constructed which mated

with the digital servovalve so that the servovalve controlled the

rate and direction of the actuator.

In testing the digital servovalve, a control system was mechanized as

it would be for an analog system with an analog input and an

analog feedback from the actuator. The digital servovalve and

electronic driver were then used as a replacement for an analog

servovalve and servoamplifier. The tests used to evaluate the

digital servovalve mechanization are (for the most part) the same as

those used to measure the performance characteristics of an analog

electrohydraulic actuator.

The following sections of the report describe the mechanization con-

cept, theoretical limitations, demonstration hardware and test results.

2
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SECTION II

MECHANIZATION DESCRIPTION

1. Servovalve Description

Figure 1 is a schematic of the operational elements of the digital

servovalve connected to an actuator. The servovalve uses 7 solenoid

valves and 4 orifices. Four of the solenoids (numbers 1 through 4)

are used for directional control. Solenoid valves 1 and 4 are

connected from a cylinder port of the valve to hydraulic return.

Solenoid valves 2 and 3 are connected between one cylinder port

each and a gallery connected to the combined output flow from the

flow modulation solenoid valves and orifices. As shown on Figure 1,

four orifices (01, 0 2 03 and 04 ) are used for flow modulation.

Orifice 01 is connected directly to hydraulic supply while orifices

02' 03, and 04 are connected through solenoid valves 5, 6 and 7

respectively. Solenoid valves 5, 6 and 7 are used in combination with

the non-switched orifice 01 to provide the flow to the directional

solenoid valves.

Opening solenoid valves 2 and 4 causes the actuator to move to the

right as shown on Figure 1. The rate at which the actuator moves is

determined by the particular energizing of solenoid valves 5, 6 and 7.

Figure 2 illustrates the flow modulation capability of the four

fixed orifices and three solenoid valve mechanizations of Figure 1.

This figure shows the stepwise approximation of the flow character-

istics of a conventional servovalve. Eight flow rate steps are

.,ailable from the one fixed orifice and the three switched orifices.

Jable I lists the eight combinations determining the flow steps.

3
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TABLE 1

Flow Steps Tabulation

Flow Rate Orifice Combinations Flow Rate Combination No.

0 1 1

0 1 +02 2

0 1 +02 + 03 3

0+ 02+ 0 3+ 0 44

0 1+ 0 35

01 +03 +04 6

0 1 + 04 7

0 1 +02 + 04 8

Note that as shown on Figure 2, the flow at zero input is shown

to be zero. This reflects the effect of the threshold built into

the driving electronics for directional solenoids and that with the

actuator stopped, no flow is required from the control valve to the

actuator. In general, the number of flow modulation steps available

from a particular configuration of a fixed orifice and a given

number of solenoid valve switched orifices is:

SpM2n

where S is the number of flow steps and n is the number of solenoid

vxlves used for switching in the flow modulation orifices.

6I



In order to achieve the best approximation of the linear flow

modulation curve with the step-wise solenoid valve operation, the

pressure drop across the directional solenoids at the maximum

f low from the valve is much smaller than the pressure drop across

the feed orifices used for the flow modulation. The flow

modulation orifices used are sharp edged orifices in order to

minimize the effect of fluid temperature upon the flow

characteristics.

As shown on Figure 1, the solenoid valves are two way, normally

closed, ball poppets. Flat disc and cone poppets are variations

on the poppet design which offer similar characteristics in terms

of seal-off and contamination insensitivity. The flow available

through this type of valve at a given pressure drop is a function

of the porting area. In order to open the valve against large

differential pressures, the solenoid force (and size) increases

with porting area (and available flow).

The direct operating poppet solenoids are limited in flow capacity

unless large valves are used. For applications requiring flows

above 2 GPM at pressure drops not exceeding 100 psi, pilot op-

erated poppet solenoid valves can be used. With pilot operated

solenoid valves, there is some increase in the response time of

the valve and potentially some slight increase in contamination

sensitivity as compared to the direct acting solenoid valves.

2. Driving Electronics

Figure 3 is a general schematic of the electronics used to drive the

digital servovalve. The schematic shows an analog input and feed-

back signal being used as part of the electronics. The error

(difference between the analog command and analog feedback) signal

polarity and amplitude are converted to the command signals for

the direction and flow modulation solenoids using two logic

sections. The first logic section is a comparator section which
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determines the polarity of the error signal and drives the solid

state relays for energizing appropriate directional solenoid

valves when the error signal exceeds a predetermined level. The

remaining portion of the comparator section converts the ampli-

tude of the error signal into eight discrete signals, each of

which carry a weight of the error amplitude. The output of this

comparator section is connected to the binary logic converter

section of the electronics. The binary logic converter section

controls the energizing of the flow modulation solenoids. The

comparator logic incorporates gates which prevent a solenoid

combination determining the flow rate for one flow step from

remaining engaged when a different flow step is commanded. The

outputs of the binary logic section drive solid state relays

which energize the flow modulation solenoids. The use of combina-

tions of solenoids to generate the flow steps allows using 3 instead

of 7 separate solenoids to generate the 8 flow rates.

The electronics as shown on Figure 3 may appear to be only a

variation of an analog to digital converter. However, these

electronics were designed to allow demonstration of the servo-

valve concept using analog feedback and input test signals. When

used with a digital command system, the servovalve command signal

of four bits (one hi-low bit for the directional solenoids and

three hi-lo bits for the flow modulation solenoids) would be

used to directly drive the solid state relays which energize the

solenoid valves. This four bit word would be generated from a

summation of a digitally encoded feedback signal and command

signal. Any 8, 12 or 16 bit computer or microprocessor could

be used to create the 4 bit word for the digital servovalve

command.

9



Note that the command for the directional solenoids is necessarily

a three state command and requires more than a simple single bit

command connected directly to the directional solenoid relays. The

three states are:

1. Both pairs directional solenoids off

2. Extend solenoid pair on and retract off

3. Retract solenoid pair on and extend off

State 1 is an additional requirement and can be provided by the

technique of holding off the command from the directional solenoids

until the error threshold requirement is met or by using a three

state output device (a recent digital computer component develop-

ment). State I is provided in the present electronics by the

threshold incorporated in the comparator logic.

10



SECTION III

APPLICATION LIMITATIONS

1. General

There are several characteristics unique to the digital servovalve

approach that must be considered when applying the valve to closed

loop control systems. These characteristics are the following:

1. The stepping operation of the flow modulation

2. The inherent threshold required for the
operation of the valve

3. The inherent time delay in the response of the
solenoid valves

These characteristics all affect the performance of the closed loop

control system using the digital servovalve.

In addition to the above three characteristics which directly affect

the control system performance, there is a power consumption, weight

and volume associated with the digital servovalve which may limit its

application. The following subsections discuss these aspects of the

digital valve.

2. Flow Modulation Stepping Effect

The stepping flow modulation characteristic of the digital valve is

not a problem from a position linearity aspect when the valve is

used in a closed loop electrohydraulic actuation system. The steady

state position is determined by the feedback transducer (analog or

digital) used with the actuator controlled by the digital servovalve.

'_.e stepping of the flow modulation will create output waveform dis-

tortion of the actuator motion with dynamic inputs. As previously shown

on Figure 2, the deviation from a linear flow modulation curve is

approximately 7% of the maximum flow when flow modulation steps are

used. The stepping will create high frequency harmonic distortion



of the dynamic input. The device controlled by the control actuator

may be sensitive to the harmonic distortion components of the out-

put waveforms in some cases. If lower distortion values for the

dynamic output of the control system using a digital valve are

required, then the number of modulation steps used may be increased

easily. The dynamic waveform distortion associated with the discrete

flow modulation steps is a function of the number of flow solenoid

valves used and is reduced by using additional solenoid valves for

the flow modulation function. One additional flow modulation

solenoid applied to the mechanization shown in Figure 1 would increase

the flow modulation steps from 8 to 16 and reduce the deviation of

the flow modulation curve from a linear curve to below 3.5%.

3. Threshold Effect

The threshold necessary to ensure that the directional solenoid valve

pairs (extend and retract) do not operate at the same time creates a

potential for small amplitude limit cycling. The threshold of an analog

servovalve has the same control implications and is normally reduced to a

minimum by design. In the digital servovalve, it is necessary to de-

sign in a threshold level in order for the valve to operate properly.

The effect of the threshold is to have the actuator cycle within

a small band of output motion. Within this band, the actuator is

uncontrc-ile1 in terms of responding to a system input. At the edges

of the motion band, the error signal from the feedback transducer

is large enough to activate the directional solenoid valves and

stop the actuator from continued motion outside of the threshold band.

The correcting control input into the actuator sends the actuator

piston towards the opposite edge of the threshold band. If the

actuator reaches the opposite edge of the threshold band without

stopping, its motion is then again reversed by the directional solenoid

valves. This phenomena then repeats itself and the actuator cycles

between the limits of the threshold band without stopping, presenting

a small amplitude limit cycle condition for the system output. This

limit cycling can be unacceptable in some applications, requiring damp-

ing out in order for the operation of the system to be satisfactory.

12



4. Solenoid Valve Time Delay Effect

The time delays associated with the response time of the solenoid

valves affect directly the frequency response that can be obtained

from an actuation system which uses the digital valve. The fre-

quency response of an analog electrohydraulic servovalve places a

similar limitation on the control system it is used with.

The effect of the time delay is to cause a phase lag between the input

to the digital servovalve and the output flow from the valve. The

phase lag is directly proportional to the sinusoidal input frequency.

The amount of phase angle contributed by the time delay is calculated

from the following equation:

9 = -f?'360

Where: f is the input frequency in Hz

is the time delay in jeconds

@ is the phase angle in degrees

This phase angle is added to the phase contribution of the other

elements in the control loop the digital valve is used with.

For a simple electrohydraulic actuator with position feedback, the

open loop phase angle of the actuator and digital valve is the

-90 degrees contributed by the integration of the actuator plus the

phase lag due to the time delay of the digital valve.

The frequency response (and stability) of an actuation system with the

digital valve can easily be determined using the open loop gain

response and a Nichol's chart. The frequency at which the time lag

produces a -90 degrees phase angle for a simple actuator system is the

frequency at which the open loop response has a phase angle of -180

13
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degrees. This is the frequency at which the specification of the control

loop gain margin is made. Figure 4 is a block diagram of the actuator

and digital control valve in a typical control loop. By specifying

the gain margin, the stability of the closed loop response is es-

tablished. Note that in order to make this statement, the phase

contributions for the open loop response are assumed limited to the

actuator integration and the time lag. Gain margin is a necessary

but not sufficient condition for control loop stability.

When additional frequency dependent elements are included in the

loop, the stability of the loop must be re-examined. If a gain margin

of 6 Db is used for the open loop gain, and the feedback gain set at unity,

then the closed loop response of the system of Figure 4 in terms of the

ratio of the input frequency to the frequency at which 180 degrees phase

lag occurs is as listed in the following Table 2. Figure 5 shows the

system response of the control loop as a function of the gain margin

established.

TABLE 2

Closed Loop Response

Input Frequency 0Amplitude Ratio Phase Lag
Frequency @ -180' (Db) (Degrees)

.01 0 1

.02 0 2

.04 0 4

.06 .05 7

.08 .1 10

.1 .15 13

.2 .45 24

.4 1.5 48

.6 3.0 85

.8 2.0 135

1.0 0 180

1.2 -3.5 210

1.5 -7.5 242

2 -12.5 14285
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From Table 2 and Figure 5, the closed loop response for an actuator

control system having a gain margin of 6 DB peaks at a frequency

ratio of .6. For a solenoid valve having a time delay of .015 seconds,

the frequency at which the control loop of Figure 4 exhibits 180 degrees

phase lag is 16.7 Hz. The frequency at which the control system

would exhibit a + 3 DB response peak is 10 Hz. This illustrates that

the response time of the solenoid valves used in the digital valve

places a distinct upper limit on the frequency response of the control

loop in which the digital valve is used.

17



SECTION IV

INVESTIGATION HARDWARE DESCRIPTION

1. General

In fabricating the hardware used for the experimental investigation

of the digital servovalve technique, off-the-shelf hardware was used

wherever possible. In particular, commercial solenoid valves were

used (with some modification) due to the time and cost constraints

on obtaining satisfactory aerospace type solenoid valves. The size

of the manifold used to construct the digital servovalve was primarily

determined by the mounting requirements of these commercial solenoids.

An evaluation actuator was constructed to mate to the servovalve

manifold. The actuator mounted an analog position transducer to

measure the output position.

Driving electronics were constructed specifically to control the

solenoid valves. The electronics incorporated techniques to

reduce the opening response time of the solenoid valves below the

normal response time of the solenoid valves.

The hardware was constructed strictly as demonstration hardware to

allow evaluation of the digital servovalve technique. However, the

operating pressures used with the servovalve demonstrator and the

materials for the construction of the servovalve and actuator

were consistent with aerospace application requirements. No attempt

was made to minimize size or weight of the mechanization. Size and

weight reductions would depend on the particular solenoid valves

used, as well as the packaging effort applied to the associated hardware.

Figure 6 shows the hardware constructed for the evaluation as assembled

for testing.

18
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2. Solenoid Valve Description

The solenoid valves used for the evaluation were valves manufactured by

Modular Controls Corp. as part number SVl-l0-C-012D and sold for com-

mercial applications. The solenoid valves are pilot operated poppet

valves with a flow rating of 10 GPM at a differential pressure drop

across the valve of 50 psi. The solenoid valves require 1.5 amps

current at 12 volts for operation. The valves were modified to

reduce the closing response time from the original measured response

of 65 milliseconds to close to an approximate response time of 15

milliseconds. Although direct operating rather than pilot operated)

solenoid valves were intended to be used for the demonstration unit,

that type of valve was not available as an off-the-shelf item.

In order to reduce the closing response time, the flow rating of

the solenoid valve was reduced to 1 GPM at 100 psi differential

pressure drop by shortening the poppet travel. Figure 7 shows an

unmodified solenoid valve disassembled. Note the pilot plunger

and the poppet. A pilot operated solenoid valve uses system pressure

to open and close the poppet. The solenoid core drives only the

pilot plunger. Figure 8 shows a modified solenoid valve disassembled.

The principal modifications involved the shortening of the poppet

travel and the biasing of the solenoid plunger. These modifications

reduced the response time to close from the original 65 milliseconds

to approximately 15 milliseconds. The stop ring shown on Figure

"was used to establish the open position of the poppet. The pre-

!---d on the bias spring reduced the solenoid closing time-.by applying

an initial closing force to the solenoid core. The coupler spacer

shown on Figure 8 was used to eliminate play between the pilot plunger

and sLhe solenoid core.
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As received from the manufacturer, the solenoid valves had an opening

time delay of approximately 35 milliseconds. This time delay was

primarily associated with the response of the solenoid section of

the solenoid valve. The opening time delay was reduced to approx-

imately 15 milliseconds by the solenoid energizing technique used

in the solenoid valve control electronics.

3. Digital Servovalve Description

Six solenoid valves as described in the previous section were

used in making the digital servovalve. The digital servovalve

assembly consisted of the six solenoid valves, four orifices

and a manifold block providing the necessary interconnecting

hydraulic passages (Reference Figure 1). The orifices were

constructed as cartridges. Three of the orifices were installed in

the manifold immediately below the three flow modulation solenoid

valves and the fourth (the non-switched flow modulation orifice) was

installed between supply pressure and the hydraulic passage feeding

the directional solenoid valves. Figure 9 shows a closeup view of

the digital servovalve and actuator body. As sized for the demon-

stration unit, the design flow rates through the flow modulation

orifices at a differential pressure of 2500 psi were:

1. Non-Switched Orifice ----------- k5% of Max Flow)

2. First Switched Orifice --------- (13.5% of Max Flow)

3. Second Switched Orifice -------- (27% of Max Flow)

4. Third Switched Orifice ---------- (54% of Max Flow)

Maximum flow for the test results presented in this report was

.5 GPM. This maximum flow produced an actuator slew rate giving

full actuator deflection from midstroke within I second.
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Figure 10 is an assembly drawing of the servovalve manifold, solenoid

valves and the flow modulation orifices making up the digital

servovalve.

4. Test Actuator Description

Figure 11 is an assembly drawing of the actuator used with the

digital servovalve. The actuator was designed with a total stroke

of 4.75 inches and a drive area of .77 square inches. Shamban

teflon Delta seals were used for both the actuator piston and

cylinder rod seals. The actuator end caps were constructed of an

aluminum bronze bearing material. The actuator piston section used

two sets of delta seals, one set used for the hydraulic seal function

and the other as a seal backup and a piston support. Type 304

stainless steel was used as the material for the actuator piston.

The actuator body was constructed from 2024 T-351 aluminum. The

position transducer used to measure the actuator output was a pre-

cision film potentiometer having a total stroke of 6 inches and a

linearity of +.25% of the total stroke. The transducer was mounted

in the actuator body parallel to the actuator piston motion axis and

coupled to one end of the actuator piston with a combination clamp

and anti-rotation arm.

S. Driving Electronics Hardware Description

The electronics used to control the digital servovalve consisted of

a 50 volt power supply and the digital servovalve controller

(Reference Figure 3). The controller allowed commanding the

servo system with a DC potentiometer mounted on the front panel

or commanding the digital servovalve system with an external input.

Display lights showing the operation of the directional solenoids

and the percent of maximum flow being applied to the control

actuator were mounted on the front panel of the controller.
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The controller included the necessary +- 15 volt and + 5 volt power

supplies for the operation of the control electronics within its

chassis. The 50 volt supply was used to directly drive the solenoid

valves. This voltage was higher than the continuous operating

maximum voltage rating of the solenoid valves. The application

of the higher voltage reduced the time delay for operating the

solenoid valves as shown on Figure 12. Figure 12 shows the "on"

time response delay as a function of the driving voltage as

measured on one of the solenoid valves used in the demonstration

valve). In order to prevent overheating the solenoid coils while

maintaining the response time improvement, the driving voltage

for the solenoids was applied on a time varying basis. Upon appli-

cation, the 50 volts was initially maintained for 10 milliseconds.

After the 10 millisecond application of the 50 volts -,which caused

the solenoid valve to open), the driving voltage was changed to

a 50 volt pulse train. The frequency of the pulses was set to achieve

solenoid hold-in with minimum power consumption. This technique pro-

vided both the desired reduction in the "on" time delay and the minimum

of power consumed in the hold mode. A 50 volt pulse of .9 milliseconds

width at a repetition of 300 hz/sec was sufficient to hold the solenoid

valves in the "on" position.

Figure 13 is the electronics circuit schematic for the digital valve

controller. This corresponds to the block diagram schematic shown

previously on Figure 3.

28



-4
0

-4

-4 ~
..-4

E-4

C3o

rn C14

29o



- ~

1~ -. 4, 1''
7-

44-

. -A. - I
I 'o.-vjfl I *j'-' ,,;-g

i4- ~r-
-- C -

- -

-. "Ar-I.
________ .4 .± -

- 14

-s
.. ~.-

A 4'- 4 S. -

.-. ,. ,A C-.

____ Art U

.4

___________ (As
Cl,,

C

.I -V
-~ ~ *: ~ A: 14 -t

Q~-c~' ~"'~-~4. *-'*S -~- k
~ .. ~ ~ - -- ~ 0~7*I C> / '%, Ct< 0-o"r-

(A)

~ 4z-' J 4C~~ -

k -r f~-~ k-- UflAt a;
~-4 'A

S ~ / /--- z~
'-A' '' z.

st-pc ~4A{~ :-~; ~ AQ..A t;< 0

* -. $ -

~ A~*-±f'*--c- **.. *~ -:'- - 'A ~

/

-. o5

* A ~* p * I A 4

t., .*

* <1
it

- - 30

r 4~ -------- - -s rrAA.r~.inAwAAinA.AAA.AAAA~
I



SECTION V

EVALUATION TESTING

1. General

The performance of the digital servovalve was evaluated indirectly

by measuring the control characteristics of the control system in

which the valve was used. The measurements performed on the control

system were the same typically used for defining the control charac-

teristics of any electrohydraulic position feedback control system

in terms of the input-output performance. This evaluation approach

was used because it allowed considering the digital valve in terms of

its intended application and in terms of performance characteristics

generally used to describe any electrohydraulic control system.

The evaluation tests performed on the evaluation hardware were the

following:

1. Static Threshold

2. Dynamic Threshold

3. Linearity

4. Frequency Response

5. Waveform Characteristics

6. Step Response

For the evaluation, four slightly different setups of the test system

Were used. Configuration A is designated as the normal configuration.

This configuration was with the control loop adjusted for a nominal

frequency response of 3 Hz. Configuration A 1was a modification of

Configuration A with the loop gain doubled. Configuration B was a

modification of Configuration A by the addition of a damping orifice

across the actuator drive area to eliminate the small amplitude (less

than 1% of the total actuator stroke) limit cycle existing with

Configuration A. Configuration B 1was a modification of Configuration B

by the doubling of the loop gain.
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The following subsections discuss the test procedure and the results

obtained from the tests.

2. Static Threshold

Static threshold is defined as the minimum input change from a zero

level which causes a measurable output change. The procedure used to

measure static threshold is to apply a slowly increasing input until

a measurable output change occurs. The threshold is indicated by the

minimum input change which causes the measurable output change.

Figure 14 shows the data recorded in measuring the static threshold

for Configuration A. The top data channel shows the input signal

applied to the test system. Note that the amplitude of the .3 Hz

triangular waveform input increases with increasing time. The bottom

data channel of the figure shows the output motion of the test actuator.

This channel shows the output limit cycle of the system. The limit

cycle has a peak to peak amplitude of .016 inches (which is .34% of the

total actuator stroke). The modulation of the limit cycle shows the

system response to the test input. The control acuator responded to

the test input at the lowest level of input available from the function

generator. The lowest available level of input is .004 volts peak to

peak (which is .023% of the input for the full actuator stroke). The

actual threshold is therefore less than .023% of the maximum input

for the control system. This threshold level is quite low. This is a

direct result of the effect of the limit cycle on reducing the threshold

of the system. The threshold level in terms of the control system input

to generate maximum actuator rate is .83%. Relating the threshold to

the maximum rate input does not use the actuator stroke to calculate

the threshold level, providing an alternative and perhaps more objective

indication of the threshold level.
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Figure 15 shows the data recorded in measuring the static threshold

of Configuration B. Since the limit cycle has been eliminated by

the addition of the damping orifice, the output of the actuator is

stationary until the actuator responds to the increasing amplitude

of the test input. As shown on Figure 15, the actuator starts moving

at an input amplitude of .010 volts peak to peak. This corresponds

to an input level of .116% of the maximum input to the control system

(+4.3 volts) and 2.083% of the input necessary to generate full rate

of the actuator (+ .24 volts). The threshold of 2.083% of the input

to generate maximum actuator rate (and maximum flow from the control

valve) is higher than the threshold found on an analog electrohydraulic

servovalve. Typical analog electrohydraulic servovalves exhibit a

threshold of .5% of the maximum rated current (equivalent to the

percentage rating in terms of the maximum rate input voltage for

maximum actuator rate). Although the threshold of the digital valve

was created in the control electronics and could be reduced, the 2%

level is considered representative of the digital servovalve setup

in order to prevent both the directional solenoid valve pairs from

operating at the same time with zero input level.

3. Dynamic Threshold

The dynamic threshold is defined as the input level required (at a

particular frequency) to cause a measurable output level. The procedure

used to measure the dynamic threshold is ti apply an increasing ampli-

tude sinusoidal inputat a frequency of 50% of the bandpass of the

actuator. The amplitude of inpu required to create the measurable

output indicates the dynamic threshold. The bandpass of the actuator

is defined as the frequency at which the - 3 Db amplitude or 900 phase

shift occurs, whichever is lower.

Figjre 16 shows the test data recorded in measuring the dynamic

threshold of Configuration A. The test frequency is 1.43 Hz. The

modulation of the limit cycle envelope is the response of the actuator

to the test input. Note that at the lowest amplitude available from
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the function generator, the actuator output responds to the test

input. This is due to the limit cycle effectively reducing the

normal threshold characteristic of the control system. For this

operating condition, the dynamic threshold is less than .035% of the

maximum input level for the system and less than .625% of the input

corresponding to maximum rate of the control actuator. Both of these

:.easured values are low and are directly attributed to the effect of

the limit cycle on reducing the threshold.

Figure 17 shows the test data recorded in measuring the dynamic

threshold of Configuration B. The test frequency is 1.43 Hz and

the amplitude of the input is gradually increased with increasing

time. Note that the output limit cycle has been damped out and the

actuator is initially at rest. The level of input required to cause

an output movement is .015 volts peak to peak. This corresponds to

.174% of the maximum command input and to 3.125% of the input required

to produce the maximum actuator rate. The actuator waveform in response

to the low level input reflects the "on - of f" characteristic of the

solenoid valves as the threshold input level is reached. The initial

motion appears one-sided, indicating that only one directional pair

of solenoid valves is operating. As the input level continues to

increase, the motion of the actuator assumes a more symmetrical

character. The actuator motion as presented on Figure 17 reaches a

maximum of + .022 inches or .512% of the maximum actuator stroke.

4. Linearity

The linearity of the control system is defined as the deviation of

the output versus the input from a straight line relationship. The

ptocedure used to measure the linearity is to apply an input which

is varied from the most negative value to the most positive and back

while recording the output position. The linearity is indicated by the

maximum deviation of the plotted output vs. the input from a straight

line drawn between zero and a point which minimizes the maximum deviation

of the plotted curve from the straight line.
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figure 18 shows a plot of the linearity curve recorded for Configuration

A over the full input level. As shown on Figure 18, the linearity is

better than 1% of full scale. Figure 19 shows a plot of the linearity

over a range of 10% of full scale. Note the effect of the limit cycle

on the width of the output motion trace. The amplitude of the limit

cycle shown is .20% of the maximum actuator stroke. Over the 10% of

full scale range shown on Figure 19, the linearity deviation from a

straight line is less than the amplitude of the limit cycle.

Figure 20 shows a plot of the linearity curve recorded for Configuration

B over the full input range. Compared to Figure 18 for Configuration A,

the plot of the linearity with the limit cycle damped out shows some

hysteresis. The overall linearity is quite similar to that of Configura-

tion A. Figure 21 shows a plot of the linearity curve recorded for

Configuration B over a range of 10% of full scale. The amplitude devia-

tion from a straight line shows a repetitive transient motion of the

actuator amounting to .046% of the maximum actuator stroke. This is

due to the "on-off" operation of the directional solenoids as the error

voltage reaches the threshold value as the input changes. The linearity

shown on Figure 21 for Configuration B is comparable to that shown on

Figure 19 for Configuration A at the same percent range of full scale.

5. Frequency Response

The frequency response of the control system is defined as the amplitude

ratio and phase shift of the output relative to the input as a function

of frequency. The procedure used to measure the frequency response is

to apply a sinusoidal input and record the output of the system in

response to the sinusoidal input. The input amplitude used is large

e"'hto minimize the non-linearity distortions of threshold and

hystcresis on the output and small enough to avoid saturation of the

CoriLLIl system elements within the frequency range of interest. The
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ratio of the output amplitude to the input amplitude and the output

phase angle relative to the input is then plotted as a function of the

input frequency.

For the evaluation testing, a Bafco Servo Analyzer and an XYY' Plotter

were used to generate the curves for the frequency response. The

Bafco Servo Analyzer computes a Fourier Transform for the input and

output time response from samples of the response of the system to a

sinusoidal input. The analyzer then determines the ratio of the

magnitude and relative phase angle of the fundamental frequency of the

input and output for each sample of the time response. By varying

the input frequency slowly and producing output voltages proportional

to the magnitude and phase angle measured for each sample taken, the

analyzer automatically generates the desired frequency response

plot. Note that sampling characteristics of the analyzer can generate

small steps in the plotted response when the sweep rate of the input

frequency is not maintained at a very low rate.

Figure 22 is a frequency response plot for Configuration A with an

input command of + 10% of the full scale input. This response plot

does theoretically involve rate saturation at frequencies greater

than 3 Hz. The response shows a phase lag of 90 degrees at 2.8 Hz

and an amplitude response which is 3 Db down at 3.2 Hz. The irregu-

larities in the amplitude and phase plots are due to the combination

of the sampling effect of the analyzer kfor the small steps) and the

waveform distortion of the test system at specific frequencies. No

peaking of the amplitude response is evident.

The frequency response of the test system kas shown in Figure 22),

is set lower than that allowed by the measured .015 second time delay of

;-he solenoid valves. This is a result of the installed response time

of the solenoid valves differing from that measured on each solenoid

valve installed in a test circuit for evaluation.
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As measured when installed in the test actuator, the solenoid valve

time delay (from application of a step input to start of the motion of

the actuator) was on the order of .050 seconds. This increase in the

time delay for the solenoid valves (from .015 seconds) is attributed

to the "pilot operated" characteristics of the solenoid valves. When

originally tested, the solenoid valves were evaluated with a differen-

tial pressure of 3000 psi and a flow restricting orifice downstream of

Lhe solenoid valve (to limit the flow through the solenoid valve to

the design flow of the digital valve). As installed in the test

actuator, the solenoid valves are operated with differential pressures

as low as 500 psi (cylinder port to return) and the flow restricting

orifices are positioned upstream of the directional solenoid valves.

This difference in operating conditions is considered to be the

reason for the measured difference in time delay values. It is ex-

pected that the use of direct operating (rather than pilot operated)

solenoid valves and/or downstream (rather than upstream) flow modula-

tion orifices would produce shorter operational time delay values.

Figure 23 shows the frequency response of Configuration B with an

input of + 10% of the full scale. The response of the system

with the orifice added to damp the limit cycle is similar to the

response of Configuration A with the same test input. The 90 degree

phase angle occurs at 2.6 Hz and the -3 Db response frequency occurs

at 3.4 Hz. A slight amplitude peaking occurs with Configuration B.

A comparison of Figure 22 and 23 indicates that the orifice used to

damp the limit cycle has a negligible effect on the large input

amplitude frequency response.

Figure 24 shows the frequency response of Configuration A with a

+ 5% full scale input. The amplitude is low enough that rate

saturation of the output motion does not effect the response

curves. Note that the amplitude curve exhibits a 14 Db peak

at 3.2 Hz and a corresponding 90 degree phase lag at that fre-

quency. This frequency response is consistent with the effect
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of the time lag as discussed previously in Section III. The 3.2 Hz

pck frequency corresponds to a time delay of .047 seconds.

Figure 25 shows the frequency response of Configuration B with a

+ 5% full scale input. The response exhibits an amplitude peak

of 1 Db at 2.2 Hz and a 90 degree phase lag at 3.1 Hz. The response

curves exhibit some irregularities, particularly at 2 Hz. This

probably is due to the waveform distortion of the output signal at

that particular frequency. The response curves of Figure 25 in

general resemble the response curves of Configuration A for the same

test condition. The amplitude of peaking is somewhat lower as is the

frequency at which the amplitude peak occurs. The slight difference

in the response characteristics between Configuration A and Configuration

B are attributed to the effect of the damping orifice on the flow (from

the servovalve) available to move the actuator.

For both Figures 24 and 25, the flow saturation limit for the digital

servovalve does not enter into the frequency response. At a + 5% peak

output displacement, the available flow from the servovalve will allow

unsaturated operation up to 6 Hz.

Since the response of the control system attenuates at the same rate

as the attenuation that would be caused by rate saturation (20 Db/decade)

and the attenuation starts at a frequency below 6 Hz, no rate saturation

effect on the response is possible.

Figure 26 shows the frequency response of Configuration A at an

input level of + 2% full scale. This is a low input amplitude

and is indicative of the systems small signal response capability.

ine response as shown on Figure 20 shows smooth amplitude and phase

L~zionse to 3 Hz. At this frequency, the amplitude and phase curves

exhibit a jump characteristic, probably associated with the waveform

characteristics of the system output at 3 Hz. This irregularity

appears to some extent in the larger signal response measurement
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shown previously on Figure 24, although at a slightly lower frequency

(2.1 vs 3 Hz). The response is -3 Db at both 2.2 Hz and 4.5 Hz on

Figure 26. The phase angle passes through -90 degrees both at 2.3 Hz

and 3 Hz.

Figure 27 shows the frequency response of Configuration A with the

forward loop gain doubled, changing the Configuration A to Configur-

ation Al. The frequency response exhibits a 6 Db peak at 4.3 Hz and

a 90 degree phase lag at the same frequency. The peak resembles

that associated with the 4 Db gain margin for a simple actuator

and digital servovalve, as described in Section III. This is

probably the upper limit on the loop gain setting for the particular

test hardware.

Figure 28 shows the frequency response of Configuration B with

the damping orifice installed across the actuator drive area. The

response curves are fairly smooth, showing only a little irregularity

compared to the Configuration A response. The response does attenuate

starting at a lower frequency than that of Configuration A. This is

caused by the reduction of the effective flow gain of the valve due

to the orifice installed across the actuator drive area.

Figure 29 shows the frequency response of Configuration B with the

forward loop gain doubled. This particular configuration is desig-

nated as El. The input level is maintained at + 2% of the full scale

input. The response curves are somewhat irregular, indicating some

output distortion at specific frequencies. The amplitude curve

peaks at 4.2 Hz. The phase curve reaches -90 degrees at the

same frequency. The damping used with the configuration appears to

have little effect on the response at high frequencies. The Configur-

-iLiLon Al response above .5 Hz is quite similar (Reference Figure 27) to

LhLof Figure 29. The irregularities in the response of Configuration

hli that occur below .5 Hz can be attributed to the damping orifice. The

orifice effects the available flow from the digital valve at small flow

demand conditions and causes waveform distortion.
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6. Waveform Characteristics

To indicate the distortion characteristics of the control system

output in response to a sinusoidal input, chart recordings at .3 Hz,

1.5 Hz and 3.0 Hz were recorded. These frequencies correspond to

10%, 50% and 100% of the configuration bandpass, respectively. At

each frequency three different input levels of + 2%, + 5% and + 10%

were used. Both Configuration A and B waveform characteristics were

recorded. In addition, in order to demonstrate the amplitude effect

on the output waveform of the system at a specific frequency, Configura-

tion A and B's output with an increasing amplitude 1 Hz sinusoidal input

was recorded.

Figure 30 shows the output waveform of Configuration A with a + 10%

of full stroke input at a frequency of .3 Hz. The output waveform shows

little distortion. Note that the input and output are 1B0 degrees

out of phase as recorded at this frequency. This corresponds to a

control system phase lag of zero degrees. A small amount of limit

cycle motion at the peaks of the sine wave appears on the recorded

waveform. Figure 31 shows the output waveform of Configuration A

at an input of + 10% of full stroke input at a frequency of 1.5 Hz.

The waveform resembles the input with some minor distortion. Note

that some phase shift between the input and output at this frequency

is apparent from Figure 31. This is a reflection of the phase angle

characteristics of the frequency response of the control system. No

limit cycle at the peaks of the sinusoid is evident at this input

frequency. Figure 32 shows the output waveform of Configuration A

with an input of + 10% of full stroke input at a frequeqcy of 3 Hz.

This particular frequency is the bandpass limit frequency at which

'I-. output of the system lags the input by 90 degrees. Figure 32

:--aws the 90 degrees control system phase shift (from the original 180

degrees out-of-phase relationship between the input and output signals).
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TEST - Input-output Waveform - Configuration A
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FIGURE 31 Input-Output Waveform - Configuration A

(1.5 Hz, +10.0% F.S.)
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At this input level of +' 10% of the maximum input, the highest fre-

quency at which the servovalve flow can maintain the commanded output

motion is 3 Hz. Above this frequency, the output amplitude attenuates

because of the flow limit of the servovalve. Figure 32 shows the

onset of rate saturation on the output motion of the control system,

as indicated by the output motion waveform changing from a sinusoidal

motion to a triangular motion.

Figure 33 shows the output waveform of Configuration A with an input

of + 5% of full stroke input at a frequency of .3 Hz. The output

closely resembles the input waveform with the addition of some low

amplitude modulation due to the Configuration's limit cycle. Note

that the output is exactly 180 degrees out of phase with the input.

Figure 34 shows the system output waveform with a + 5%. of full scale

input at a frequency of 1.5 Hz. The output waveform shows little

distortion. Note that the output is lagging the initial 180 degree out

of phase relationship.

Figure 35 shows the output waveform of the control system with a

+ 5% of full stroke input at a frequency of 3 Hz. Some distortion of

the output at the waveform peaks is evident. This frequency is well

below the frequency at which rate saturation affects the output

motion of the system at the + 5% full scale output amplitude. The

phase relationship between the output and the input waveform shows a

90 degree phase shift at this frequency. This is consistent with

ih handpass characteristics of the control system and the ph~ase

zlifL previously measured for the + 10% of full scale input.
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Figure 36 shows the output waveform of Configuration A with a + 2%

of full stroke input at a frequency of .3 Hz. The output motion

resembles the input waveform with the addition of the low amplitude

limit cycle motion at a frequency of 3 Hz. The input and output

motion are 180 degrees out of phase (corresponding to a control system

phase lag of zero degrees).

Figure 37 shows the output waveform at a 2% of full stroke input

and 1.5 Hz. The output waveform shows some distortion at the

peaks of the sinusoidal motion. As with the 10 and 5 percent input

levels, the output motion signal exhibits a phase shift of the

output relative to the normal 180 degree out of phase relation-

ship. Figure 38 shows the output waveform of Configuration A with + 2%

of full stroke input at a frequency of 3 Hz. The output motion is

delayed 90 degrees relative to the normal 180 degree relationship

between input and output. The output waveform exhibits some dis-

tortion in terms of the rounding of the peaks of the sinusoidal

output motion.

Figure 39 illustrates the amplitude dependency of the output wave-

form distortion at an input frequency of 1 Hz. The amplitude of

input is varied from 3 to 30% of the maximum input level. Note

that the output waveform shows a rate limit characteristic at the

maximum input amplitude. This figure illustrates the type of

-Lutput distortion encountered with the digital valve flow charac-

Leristics from a low level to a high level input signal.
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FIGURE 39 Input Output Waveform - Configuration A
(@ 1.0 Hz, Increasing Amplitude)
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Figure 40 illustrates the input-output waveform relationship for

Configuration B at an input level of + 10% of the full scale input

an~d a frequency of .3 Hz. The effect of the limit cycle damping

orifice appears in the shape of the output waveform. The peaks of the

output motion are significantly flattened, showing that the orifice

across the actuator piston degrades the apparent low flow output

characteristics of the digital servovalve. As with Configuration A,

the phase relationship between the input and output is 180 degrees at

this frequency. Figure 41 illustrates the input-output waveform

relationship for Configuration B at an input level of + 10% of the

full scale input and a frequency of 1.5 Hz. The output waveform

resembles the input with minor distortion. The effect of the damping

orifice on the output waveform is not as apparent as at the .3 Hz input

frequency, although "flat-topping" of the output motion is still

evident on Figure 41.

Figure 42 illustrates the input-output waveform relationship for

Configuration B at an input level of + 10% of the full scale and

a frequency of 3 Hz. The output waveform has a triangular, rather

than a sinusoidal shape. The output waveform exhibits flat-topping,

indicating that the apparent low flow characteristics of the

digital servovalve are degraded by the damping orifice. The

triangular waveform is a reflection of the onset of rate saturation

of the digital servovalve at this combination of frequency and

output amplitude.-, This onset is consistent with the flow capa-

bility of the digital servovalve and the flow demand of the actuator

motion at the 3 Hz frequency.
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Figure 43 illustrates the input-output waveform relationship

of Configuration B at an input level of + 5% of the full scale

input and a frequency of .3 Hz. The output waveform shows signifi-

cant flat-topping. This indicates that the limit cycle damping

orifice reduces the lowest flow step of the digital valve much

below the normal value, preventing the actuator from being driven

for small flow commands to the digital servovalve. At the .3 Hz

input frequency, the flow requirements from the valve are for

relatively low flows. The damping orifice bypasses the actuator

piston, reducing the flow from the valve available to drive the

actuator. At higher flows from the digital servovalve, the

damping orifice has a relative minor effect on the actuator motion.

Figure 44 shows the input-output waveform relationship of

Configuration B at an input level of + 5% of the full scale input

and a frequency of 1.5 Hz. The output exhibits flat-topping of

the waveform and a general waveform tending towards a triangular,

rather than a sinusoidal shape.

Figure 45 shows the input-output waveform relationship for

Configuration B at an input level of + 5% of the full scale

input and a frequency of 3.0 Hz. The output exhibits some flat-

topping distortion and a phase shift from the normal 180 degrees

out of phase relationship of approximately 82 degrees. Note that

,ti -,fpit amplitude at the 3 Hz input frequency is greater than

P-'rltd at 1.5 Hz. This is caused by the peaking of the

wttoa.. At the 3 Hz frequency.
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figure 46 illustrates the input-output waveform relationship of

Configuration B at an, input level of +, 2% of the full scale input

and a frequency of .3 Hz. The output waveform shows some threshold

and overshoot modulation of the .3 Hz sinusoidal output motion.

Figure 47 illustrates the input-output waveform relationship of

Configuration B at an input level of + 2% of the full scale

input and a frequency of 1.5 Hz. The output waveform is triangular

with a phase lag between the output and input which approaches 80

degrees. The output distortion is similar to that encountered with

Configuration A and the same test condition (Reference Figure 37).

Figure 48 shows the input-output waveforms at 3 Hz for an input

of + 2.0% of the full scale input. The output waveform phase

angle lags the normal 180 degrees out of phase relationship by

90 degrees. The output waveform is sinusoidal, with the peaks of the

sinusoid showing flat-topping. This flat-topping is associated

with the damping orifice degrading the apparent flow from the digital

servovalve at low input levels to the control system.

Figure 49 shows the amplitude dependency of the output waveform

distortion at an input frequency of 1 Hz. The amplitude of

the input is varied from 3 to 30% of the maximum input level. Note

that the output waveform shows a rate limit characteristic at the

maximum input amplitude used. This figure illustrates the type

of output distortion resulting from the use of the digital valve

with an input signal varied from a low to high level.
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7. Step Response

Figures 50 and 51 illustrate the system response of Configuration A

to a step input of .238 volts. Figure 50 shows the extend motion

in response to a positive .238 volt step and Figure 51 shows the

retract motion in response to a negative .238 volt step. This

applied step input voltage level is the maximum voltage that can

be used without exceeding the error voltage that commands maximum

flow from the digital servovalve. As illustrated on both figures,

the output motion response to the applied step occurs .05 seconds

after the applied step has reached its maximum value. This is

consistent with the frequency response limitations indicated by

the frequency response measurements performed as part of the system

evaluation. The movement of the actuator both before and after

the step input response is the limit cycle motion of the system that

exists with Configuration A. This limit cycle output motion-as shown

on Figures 50 and 51 has a peak to peak amplitude of .35% of the

total actuator stroke. The step response (ignoring the limit cycle

motion) exhibits no overshoot or ringing. This is consistent with

the frequency response measured on the system.

Figures 52 and 53 illustrate the system response to a step input

of .475 volts. This corresponds to an input amplitude of 5% of

the full stroke command. This input voltage is greater than the

error voltage required for maximum flow from the digital servo-

valve. Initially, the actuator moves at the rate corresponding

to the maximum flow from the digital servovalve. After the

feedback voltage reduces the error voltage to the servovalve

below the maximum flow value, the system responds as it did for

the .238 step input voltage of Figures 50 and 51.
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Figures 54 and 55 illustrate the system step response of the

system in response to A step of an amplitude which commnands full

actuator movement from midposition, or 50% of the full stroke.

Figure 54 shows the extend motion and Figure 55 shows the retract

motion. The actuator moves at the maximum rate corresponding to

the maximum flow from the digital servovalve. Note that the

actuator reaches full stroke from mid-position within 1 second for

both the extend and retract motions. As expected from considering

the design, the maximum rate for both the extend and retract motions

is the same at 2.05 inches per second.

On Figures 51 through 55 there is indicated a variation in the

time delay between the application of the step to the control

system input and the start of actuator movement. For the 2.5%

step input of Figures 51 and 52, the time delay is approximately

.060 seconds. For the 5% step input of Figures 52 and 53, the

time delay is .050 seconds for the extend motion on Figure 52

and .010 seconds for the retract motion on Figure 53. For the

50% step input shown on Figures 54 and 55, the time delay is .01

seconds for the extend motion of Figure 54 and .06 seconds for the

retract motion of Figure 55. This variation in the time response

is attributed to the operational characteristics of the pilot

operated solenoid valves. The particular solenoid valves determining

the response time delay of the actuator to a step input are the

directional solenoid valves. The long response time delay is

attributed to having to build up cylinder pressure in the side of

the actuator being connected to returrj before a differential pressure

exists across the cylinder to return pilot operated solenoid valve.

Since the solenoid valve is pilot operated, the opening of the

valve poppet depends on the existence of a differential pressure

across the valve.
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Figures 56 and 57 illustrate the system response of Configuration

B to a step input of .238 volts, corresponding to an input

amplitude of 2.5% of the full stroke input. Figure 56 shows the

extend motion response for the 2.5% input. Note that the output

motion shows movement at three distinct rates, corresponding to

different flow rates from the digital servovalve. Note that the

motion of the actuator for the .025 inches before stopping re-

quires .23 seconds. This slow rate (as compared to the response

of Configuration A for the same test condition) is due to the

orifice across the actuator drive area using part of the flow

from the digital servovalve provided by the non-switched flow

control orifice. Figure 57 shows the retract motion response

for the 2.5% input. The motion characteristics are similar to

that of Figure 56. Note that for both Figures 56 and 57, the time

delay between application of the step input and the beginning of

the actuator motion is .010 seconds.

Figure 58 illustrates both the extend and retract system response

for Configuration B to a .475 volt step input. This input

corresponds to a step amplitude of 5% of the input for full

actuator stroke. Note that the time to reach the 5% output

change in response to the input step is 20% longer than that

for Configuration A. Comparing the response characteristics

(Reference Figures 52 and 53), the response time difference

is due to the rate of motion in the last 10% of the actuator

position change in response to the input step. This, again, is

die to the damping orifice changing the available flow at the

small input signal level to the control system.
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Figure 59 and 60 illustrate the Configuration B system response to

a full deflection step input command from mid actuator position. The

actuator moves at a rate corresponding to maximum effective flow

from the digital servovalve. Note that the actuator moves at a rate

of 2.42 inches per second for both the extend motion shown on Figure

59 and the retract motion shown on Figure 60. For both motions, the

actuator starts moving approximately .010 seconds after the application

of the step input.

The actuator slew rate is 8% slower than the Configuration A slew

rate for the same test condition. This is probably due to the damping

orifice effecting the flow available from the digital servovalve

to drive the actuator.

The response time delay for all the Configuration B step input

tests was on the order of .010 seconds. This is considerably faster

than that measured for many of the Configuration A step response

tests. The damping orifice apparently improves the pressure

differential operating conditions for the cylinder to return

solenoid valves, decreasing the response 
time. The response time

variation as previously stated, is associated with the use of pilot

operated solenoid valves and should be eliminated with the use of

direct operating solenoid valves in the digital servovalve construction.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

From the test results obtained from the evaluation hardware, it is

concluded that the digital valve operated essentially as intended

by design and verified the mechanization concept. The performance

of a closed loop actuator system with the digital servovalve is

comparable to the performance of the system with a conventional analog

servovalve.

The time delay associated with the operation of the solenoid valves

used to mechanize the digital servovalve determines the frequency re-

sponse of the control actuator system using the digital servovalve.

Mechanizing an actuator control loop to have a frequency response

on the order of 30 Hz would require constructing the digital servo-

valve with solenoid valves having an operating time on the order of

5 milliseconds. This is feasible with state of the art technology

and hardware.

The maximum power consumption of the evaluation hardware under

worst case dynamic operating conditions was 125 watts. The power

consumption for zero input is less than 5 watts. Since a typical

analog servovalve with a quiescent leakage of .25 cubic inches per

second at 3000 psi consumes (continuously) hydraulic power of

84 watts, the digital servovalve keven in its present development

state) is attractive from a power consumption aspect.

The step input time delays measured on the control system

mechanized for evaluation varied from test to test. This is

apparently due to the use of pilot operated, rather than direct

operated, solenoid valves for constructing the test hardware.

The use of direct operating solenoid valves should produce con-

sistent step response time delay measurements.
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From this research and development investigation it is concluded that

the digital servovalve offers an electrohydraulic valve capable of

operating satisfactorily with direct digital input signals. The

valve also offers lower power consumption (quiescent) and potentially

less contamination sensitivity than the conventional electrohydraulic

servovalve. It is therefore recommended that the development of

the digital valve be continued. It is recommended that the con-

tinued development be conducted in three separate phases, either

in parallel or in series.

The first phase of the continued development would be a design

integration of the hardware, particularly the solenoid valve.

The solenoid valve size determines the digital servovalve size.

Mechanizing the digital valve with an aerospace version of the

poppet solenoid valve should significantly reduce the weight

and volume of the digital valve, making it more compatible with

aerospace applications. The solenoid valve should be a direct

acting poppet valve designed for a time delay of not longer than

10 milliseconds.

The second phase of the continued development is the use of a

micro-processor as the controller for the digital servovalve.

This phase of the program would investigate the use of off-the-shelf

digital components to command the digital servovalve.

The third phase of the continued development program is the in-

corporation of a digital feedback position measuring device for

the control actuator. This phase of the program would investigate

the use of digital feedback techniques to close the control loop

using the digital valve, thereby making the command, feedback and

hydraulic flow control entirely digital in operation.
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The result of this continued development of the digital servovalve

approach would be the availability of an electrohydraulic actuator

for aerospace applications which is able to use directly digital

inputs from the control sections of the flight control system and

having lower power consumption and higher reliability than con-

ventional actuation techniques.
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